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ABSTRACT 
Cellulose nanofibrils (CNF) are a promising biomaterial made of cellulose, the 
most abundant biopolymer on the planet, and are produced in mass quantities by the 
Process Development Center at the University of Maine. One promising application of 
these materials are low-density foams, or aerogels, which are commonly prepared using 
lyophilization and solvent-exchange methods. Each of these methods rely on different 
physical and chemical processes to remove liquid from a given substrate and may impact 
the overall structure of a material in different ways. The purpose of this work was to 
determine if these drying techniques have any significant effect on the structural properties 
of low-density CNF aerogels. Additionally, samples with varying amounts of CNF solids 
were tested in conjunction with these drying methods to quantify the effects of increased 
concentrations of CNF solids on the structural properties of these materials. These 
properties were examined using testing procedures to quantify density, porosity, and 
compressive strength. Results show that these properties are certainly influenced by the 
concentration of CNF within a sample, and further investigation into the characteristics and 
applications of this material will prove to be beneficial for both Maine’s economy and the 
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Cellulose is the main substance that makes up plant cell walls and fibers and is the most 
abundant biopolymer on the planet.1 These materials contain hydroxyl groups that 
participate in both intramolecular and intermolecular hydrogen bonding, creating long 
networks of fibers and increasing the overall strength of the material.1,2 This property, 
coupled with the material’s ability to be successfully modified in a number of chemical 
processes, contributes to its versatility and application in a variety of markets, including 
the textile and paper industries.3 Nearly one trillion tons of the annual biomass production 
is comprised of some form of cellulose4, which has fueled new research regarding 
development and utilization of this eco-friendly material.3 This shift towards sustainability 
has ushered in a new era of renewable nanomaterials, with nanocellulose receiving 
widespread attention.1 Nanocellulose is a natural biomaterial that is commonly extracted 
from cellulose found in plants, such as trees and shrubs. Many different processes can be 
used to transform the wood from these plants into the precursors of nanocellulose.3 One 
procedure is shown below in Figure 1, in which a combination of shredding, digestion, 
and chemical and mechanical processing is used to convert the raw material to 
nanocellulose.5  
 
Figure 1. Sample procedure used to convert wood to nanocellulose. Adapted from Ref. [5]. 
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Nanocellulose uses the benefits of nanomaterials, such as high specific surface area and 
high aspect ratio, and allows for the properties of cellulose to be replicated within much 
smaller dimensions.1,2,6 Moreover, it is available in a variety of different forms, with 
nanofibrils being one of the most common. These cellulose nanofibrils (CNF) possess 
diverse and unique characteristics that make them useful in several biomedical 
processes.1,2,7 Some examples of these properties are special alignment and orientation of 
fibers, mechanical reinforcement, biocompatibility, biodegradability, and lack of 
toxicity.1,2 Additionally, many potential applications of CNF are still being investigated to 
determine the material’s compatibility with other systems.2,6–8 The interest in nanocellulose 
research has rapidly increased in recent years, with a 2015 study showing thousands of new 
publications and citations surrounding the topics of preparation, properties, and 
applications of these materials.2 Additional studies are needed to quantify the longevity of 
the biomaterial and the overall stress it will experience after a long period of time in a 
living organism before these materials can be commercialized and implemented into the 
market on a large scale.1,3 In order to take advantage of this promising biomaterial, it is 
critical that its structural properties are fully understood.  
One common application of CNF is the creation of low-density foams, or aerogels. 
These foams are considered to be among the lightest solid materials on Earth9, and have 
potential applications in a variety of fields, including construction, transportation, energy, 
and medicine.8,10,11  While there are many different procedures used to prepare these 
materials, each requires a drying process to remove liquid from the CNF suspension. 
Traditionally, cellulose-based aerogels have been prepared using lyophilization and 
supercritical drying methods.9,11–15 These methods are known to create highly porous CNF 
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structures, but are difficult to convert to large-scale operations due to their lack of drying 
efficiency and use of specialized equipment.12 However, lyophilization has become a much 
more attainable method of aerogel preparation with the commercialization of freeze-
dryers.16 Recent studies have also shown that using a solvent exchange drying process is 
an effective way of producing these materials.9,12,17 Unlike lyophilization, this technique 
typically requires no specialized equipment, but instead relies on the inherent solubilities 
of a sample in a given solvent.9,12 More recently, microwave irradiation has gained 
attention for being an effective method of preparing these materials and relies on the 
principle of volumetric heating to evenly heat the flowing liquid within a substance. This 
method can also lead to the creation of large pores with the aerogel as liquid water within 
the precursor expands and turns to gas.18 While this method is known to be relatively fast 
and inexpensive, further experimentation is needed to fully understand this method so it 
can be optimized for the complete drying of these aerogels. Until then, this microwave 
irradiation can be used as a supplementary drying method to promote pore formation within 
aerogel precursors.  
Each of these methods relies on certain chemical and physical properties of the 
participating materials and requires different types of supplies and equipment to complete. 
While the drying method is often selected based on available resources, consideration 
should also be given to the effect of the method on the bulk material. Freeze-drying and 
solvent exchange drying methods have been investigated individually but the materials 
created using these processes have not been compared against one another. As a result, 
there are significant gaps in the understanding of these materials, and the impact the drying 
method has on their structural integrity and performance. As implementation of CNF 
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proliferates into different markets, it is critical that these impacts are more widely 
understood so that the fabrication of these materials can be optimized. Therefore, structural 
analysis of these materials should be conducted and compared to bolster previous research 
and standardize the creation and use of these biomaterials.  
The University of Maine plays an important role in the development and 
implementation of this technology through the Process Development Center (PDC). Since 
the late twentieth century, the PDC has been on the forefront of the expansion of pulp and 
paper technology, allowing for a collaborative environment where engineers and 
entrepreneurs alike could meet to solve some of the industry’s most substantial problems.19 
As time progressed, so did the PDC’s capacity for innovation. Through a joint venture with 
the United States Department of Agriculture (USDA) Forest Service, the PDC expanded 
once more to create a cellulose nanofiber pilot plant in Jenness Hall.19 This facility is the 
only one of its kind in the United States and can manufacture CNF at a rate of one ton per 
day. In conjunction with its role in the paper industry, the PDC serves as an important 
stakeholder in the future of this material.20 Additionally, the development and 
commercialization of this promising biomaterial will not only provide alternative pathways 
for sustainability in the future of biomedicine but will also support the economy of the 
State of Maine, creating new opportunities for further growth and differentiation as the 










Raw material was obtained from the University of Maine Process Development 
Center. The PDC is home to a wide variety of equipment used to create nanocellulose 
products, and CNF is typically produced using a refiner system at this facility.20  The final 
product of the various processes is a slurry of 3 wt.% CNF in water that can be processed 
further for research or commercial applications. The materials used for this work came 
from the PDC in aqueous gel form with a density of 1.0 g/cm3 and were used for all 
following procedures.21 Images of the various CNF samples produced by the PDC are 
shown in Figure 2.  
 
  
   
Figure 2. CNF samples produced by the University of Maine Process Development Center. Reproduced 
from Ref. [21].  
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Increasing Concentration of Cellulose Fibers in Material 
An important element of this experiment is determining the impact the 
concentration of CNF fibers within a material has on its structural properties. As a result, 
it was necessary to develop a process to increase the concentration of CNF solids in a 
sample. To achieve this, a 50 mL conical centrifuge tube was filled with 40 grams of 3 
wt.% CNF, and the initial sample mass was recorded, less the mass of the empty tube. 
Filled tubes were placed into a Thermo Heraeus Megafuge 1.0R and the samples were spun 
down at 4000 relative centrifugal force (RCF) for a designated amount of time, relative to 
the concentration of CNF being fabricated. RCF is a measure of the separation ability of a 
centrifuge and includes considerations of rotations per minute (RPM) of the instrument, 
the rotational radius of the centrifuge, and the gravitational force. Equation 1  was used to 
calculate the RCF of a centrifuge.22  




 Equation 1 
where: 
RCF: relative centrifugal force 
𝑟: radius of centrifugal place (in cm) 
RPM: rotations per minute 
At the end of the centrifugation process, the filled tubes were quickly removed from the 
instrument, and the separated layer of water was poured off. The tubes were then weighed 
again, and the final mass of the CNF was recorded. These values were used to calculate the 
new concentration of fibers within the sample, denoted as a weight percent. These more 
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concentrated samples were then placed into a bulk material bucket for further fabrication 
and testing.  
Initial Drying of Samples Using Microwave Irradiation 
To create the CNF low density foams, 200 grams of the desired concentration of 
CNF was placed into a PYREX No. 3140 100x50 lab dish and weighed. The filled dish 
was then transferred into a microwave oven to begin the drying process. This initial heating 
allows for internal pores to develop within the foams and removes enough water from the 
material to ensure that the desired shape is retained when removed from the dish.  
Once the samples were removed from the microwave, they were cooled for 
approximately 5 minutes at room temperature. This cooling allows for easier handling of 
the material and allows the sample to be removed cleanly from the dish. The samples were 
turned out onto a heavy metal tray lined with freezer paper which prevents the sample from 
sticking to the tray. The CNF samples at this stage of the drying process are shown below 
in Figure 3. 
The tray was then covered tightly with aluminum foil and placed in a -80°C freezer for 48 
hours. As water within the CNF structures froze large, irregular pores caused by the 
           
Figure 3. CNF samples of varying concentrations after being removed from the microwave oven. 




formation of ice crystals developed throughout the material. This phenomenon is known 
as ice templating.8,11,12,23 Previous studies have shown that ice templating can disrupt the 
internal network of cellulose fibers, compromising the mechanical integrity of the material. 
All freezing times and temperatures were held constant throughout this stage of the 






For the purposes of this research, the methods of freeze-drying and solvent 
exchange were conducted and compared. These methods were chosen based on the 
availability of the necessary materials and equipment and were motivated by a desire to 
confirm these methods for use in preparing CNF aerogels.  
Aerogel Preparation Using Lyophilization 
 Freeze-drying, also known as lyophilization, relies on the fundamental properties 
of sublimation in which frozen water is transformed directly into gaseous vapors, bypassing 
the liquid phase and retaining the structural integrity of the frozen material.16 This process 
occurs in a freeze-drying chamber. A Harvest Right scientific freeze dryer was used for 
this experiment. Samples are placed on trays inside the drying chamber, and closing the 
door creates a tight seal and maintains pressure and temperature inside the machine. Over 
the course of the drying process, various changes in temperature and pressure occur, which 
alters the physical properties of the sample. The cooling mechanism lowers the internal 
chamber temperature below the liquid’s triple point, or the point at which the solid, liquid, 
and vapor phases of a pure substance exist in equilibrium.24 The triple point of water occurs 
at approximately 273K (0.0075 °C) and 0.00604 atm. This decrease in temperature and 
pressure from normal atmospheric conditions completely freezes the sample, preparing it 
for subsequent steps. As the process continues, the attached vacuum pump alters the 
pressure within the chamber and the heated shelves begin to warm. This increase in system 
energy sparks a phase change, but low temperature and pressure within the chamber 
prevent the water from melting. As a result, the solid water changes directly into the 
gaseous form, and is drawn out of the chamber.16,24 This process must occur over long 
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periods of time to ensure that the material is not damaged by overheating and to prevent 
water vapor from being reintroduced to the system, which would compromise sample 
quality.16 After the drying cycle is completed, the samples were massed and place into 
storage for further testing. A general depiction of this process, including a freeze-drying 
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chamber schematic, is shown in Figure 4
Figure 4. At left, a graphical depiction of the freeze-drying process, with arrows showing the changes in 
temperature and pressure that allow this process to occur. At right, a generalized diagram of a freeze-






Aerogel Preparation Using Solvent Exchange 
The second aerogel preparation method being considered for this work is solvent 
exchange. This method, also known as solvent extraction, relies heavily on the differences 
in solubilities between two substances for separation. For the purposes of this work, 2-
propanol served as the exchanging solvent. This alcohol was chosen based on its chemical 
properties, availability, and its use in supporting 
literature.9 Further, its vaporization point is lower than that 
of  water, which allows for faster drying of the material 
with less energy. 2-propanol is also miscible with water, 
and much less polar, aiding in the solvent exchange 
process.9,14,17 The structure of 2-propanol is shown in 
Figure 5.  
During this process, competition between hydrogen bonds in water and the 
hydrocarbons in 2-propanol occur, causing these bonds to break as the two liquids mix.9,12 
 





The energy required to break these bonds is derived from the process of forming new 
hydrogen bonds between water molecules and the alcohol group present in 2-propanol.14 
The energy released by this process is greater than the amount required to break the 
previous hydrogen bonds, making it energetically favorable. As time progresses, the frozen 
water present within the CNF structures will thaw slowly and begin exchanging with the 
2-propanol present in the bath. This process is propelled forward by the chemical potential 
of the system, which dictates the transfer of matter between two phases while pressure, 
temperature, and in this case, mass of CNF, remain constant.14 As the exchange process 
occurs, the free energy of the CNF structure decreases, since the polar bonds present in 
water have a much higher bond energy than those present in 2-propanol. As a result, the 
alcohol-enriched CNF gel is lower in free energy than the original CNF foam. This process 
continues until equilibrium between the 2-propanol and water is achieved, at which point 
the alcohol can be vaporized, drying the material quickly. Observations of material 
shrinkage during this drying process have been made, which may potentially affect overall 
material properties.11,13,25  
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The procedure used for this experiment was adapted from a study conducted at the 
University of Massachusetts, Amherst.9,17 This study compared the preparation of CNF 
aerogels to frozen tofu, which undergoes significant toughening after freezing and thawing. 
To complete the solvent exchange process, samples were removed from the -80°C freezer 
and placed into a 2-propanol bath, shown in Figure 6.  
  
 
Figure 6. At left, a general flow diagram explaining the steps of the solvent exchange process. At right, 
a depiction of the process, showing the transition from the aerogel precursor to alcohol gel during the 




Each bath contained an excess of alcohol, denoted as greater than 5 times the amount 
needed. This amount was calculated by multiplying the remaining mass of water in the 
sample by 5, and then dividing by the density of 2-propanol, 0.79 g/cm3, to yield the 
required volume of alcohol. The solvent bath was changed after 24 hours, replacing the 
used solvent with fresh alcohol to ensure the exchange could continue. This procedure was 
repeated twice, for a total of three exchanges (72 total hours). The exchanged aerogels were 
then dried under ambient pressure at 90°C for approximately four hours, or until there was 
no longer a distinguishable alcohol fragrance present on the material. Samples were then 
placed under a ventilated hood to cool, and final measurements of mass were taken before 





Explanation of Characteristic Tests 
 
To determine the effects of these drying methods on the CNF structures, several 
characteristic tests were conducted. These included measurements of density, porosity, and 
compressive strength, which all serve to provide insight into the internal structure of these 
materials.  
Density 
 To measure the density of the sample, simple measurements were taken to 
determine the volume and mass of each aerogel. The mass was determined by placing the 
completely dried CNF sample on a balance. The volume was determined via geometric 
measurements and calculated using the equation for the volume of a cylinder, shown in 
Equation 2: 
 𝑽𝒄𝒚𝒍𝒊𝒏𝒅𝒆𝒓 = 𝝅𝒓𝟐𝒉 Equation 2 
where: 
𝑉:;<=>?@A : volume of cylinder 
𝑟: radius of cylinder 








Once both the mass measurement and the volume calculations had been completed for each 
sample, density was calculated by considering the ratio of sample mass to volume, and 






𝜌:  density 
𝑚: mass 
𝑉:   volume 
It is expected that as the concentration of CNF fibers within a given sample increases that 
the density of the sample will also increase. This is attributed to an increase in mass with 
constant volume, which results in a higher density as shown through Equation 3. 
Regarding the aerogel preparation, it is inferred that the solvent exchanged samples will be 
denser. This hypothesis is based on evidence that samples dried in this manner may 






Porosity is a measure of the empty spaces in a material, and denotes the ratio of the 





 Equation 4 
where: 
𝜙:  porosity 
𝑉K : volume of void space 
𝑉L:   total bulk volume of material 
Mathematical calculations are very common when determining the porosity of CNF and 
provide an accurate estimate of the internal pore volume of CNF aerogels.25 However, this 
method does not take the applied drying method into consideration, and therefore cannot 
fully quantify the effects of these methods on the pore volume. As a result, various 
quantitative measurements for this characteristic were considered. 
Sample porosity can be measured in several ways, including water evaporation 
tracking methods, mercury intrusion porosimetry, gas expansion methods, and silicone oil 
methods.13,23,26 For the purposes of this experiment, both water tracking and silicone oil 
methods were used. These methods are ideal for this application due to the macroporous 
structure of these foams and the overall softness of CNF.25 The purpose of this test is to 
determine whether there is a significant difference in porosity caused by the different 
preparation methods, or between samples with different concentrations of CNF solids.  
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The water evaporation method is the simplest to use and works best for determining 
the pore volume of the lyophilized samples, as no additional solvents or materials were 
present in the system. For this method, the initial saturated and final dried masses of each 
sample were recorded. From these values, the mass of evaporated water was calculated, 
and using the density of water (1.0 g/cm3), the volume of evaporated water was 
determined.25,26 The porosity of these samples was calculated using Equation 4, with the 
volume of void space being equal to the volume of evaporated water.  
 Another method has been proposed by researchers at the University of Maine and 
uses silicone oil saturation and subsequent calculations to determine the porosity of CNF 
foams.23 This method involves saturating CNF samples in high-viscosity silicone oil.23 The 
high viscosity allows for the silicone oil to remain within the pores even after being 
removed from the bath. After the CNF became completely saturated, excess silicone oil on 
the surface of the material was removed and the mass of the saturated CNF gel was 
recorded.23 Equation 5 was then used to calculate the volume of silicone oil within the 







 Equation 5 
where: 
𝑉TUV	W@<:  bulk volume of CNF gel 
𝑊TUV : mass of CNF 
𝜌TUV:   absolute density of CNF; 1.5 g/cm3 
𝑊YZ : mass of silicone oil 




Using the ratio of the mass and density of silicone oil, the volume of oil within the sample 
can be calculated. This value represents the total pore volume of the material and can be 
used in conjunction with Equation 4 to calculate the porosity of a given sample. This 
method is best suited for the foams prepared using solvent exchange, as the water tracking 
method may not be applicable for that system due to the addition of 2-propanol. However, 
further testing is necessary to determine if it is optimal for determining the porosity of the 
macroscopic pores present in these samples. 
Further qualification of the internal pore structure can be made using scanning 
electron microscopy (SEM). This procedure uses an electron microscope that produces 
images of a sample by scanning the surface 
with a focused beam of electrons. The 
electrons interact with atoms in the sample, 
producing various signals that contain 
information about surface topography and 
composition.27–29 A diagram of this procedure 
is shown in Figure 7. The optical microscopy 
of these instruments is limited by the 
wavelength of light, which is 400nm–
700nm.27,28 This test can be used to confirm 
the results of other, quantitative porosity 
measurements.  
 It is expected that as the concentration of fibers within a given sample increases, 
the porosity of the foam will decrease. This assumes that fibers will become more densely 
 
Figure 7. Diagram of the various components 
and functionality of a scanning electron 




packed within a constant volume, thus decreasing the amount of void space within the 
material. As with predictions regarding density, it can also be expected that foams prepared 
using solvent exchange methods may have lower overall porosity, as shrinkage may cause 







Compressive strength testing served as the final determination of the impact of each 
drying method has on the strength of these CNF foams. Ultimate compressive strength is 
defined as the value of uniaxial compressive stress at which a material fails, and these 
measurements are typically collected using a compressive test.11,30 In the case of this 
experiment, an Instron test apparatus fitted with a compression attachment was used. This 
instrument applies a force at a constant rate over the area of the compression attachment 
and can be programmed to run under a variety of different specifications, including finite 
amounts of time, or until a desired displacement has been reached. As the test progresses, 
the instrument records elapsed time, displacement of the compression attachment from its 
neutral position, and the force being exerted by the instrument. Subsequent calculations of 
the compressive stress experienced by the material are also completed within the Instron 






𝜎:  compressive stress 
𝐹: force 
𝐴:   area 
The compressive strength of the material is determined by finding the maximum stress 
experienced before failure.11 Another important factor to consider when judging a 
material’s performance in mechanical testing is axial strain, which represents the 
relationship between a material’s compressed and initial lengths. Calculations of axial 








𝜀:  compressive strain 
∆: change in length 
𝐿:   initial length 
In general, the value of ∆ is negative when considering a system in compression, but for 
the purposes of this work the absolute value of strain will be used. These values are 
typically very small, and thus are often reported as a percentage.  
Results of these tests are usually depicted as a stress-strain curve, such as the one 
shown in Figure 8.31 Generally, materials exhibit some degree of elasticity, or the ability 
to return to its original length after deformation. 
The slope of the linear region, denoted as E in 
Figure 8, is known as the Young’s Modulus, or 
the degree of elasticity, and is dictated by 
Hooke’s Law.31 At a certain threshold, known as 
the yield point, the material will begin to exhibit 
plasticity, and is no longer able to return to its 
original length upon removal of the load.13,31 
This eventually results in bulk material failure.  
In this experiment, the shape of the stress-strain curve is expected to change with 
respect to the concentration of CNF in each sample. As the number of CNF fibers increases, 
it is expected that the sample will be able to withstand a larger amount of force, and 
 
Figure 8. General stress-strain curve used to 
analyze properties of materials in 
compression. Reproduced from Ref. [31]. 
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therefore, a greater stress. This increase in strength directly correlates to a greater number 
of interactions between the fibers in the internal network. Additionally, these higher wt.% 
samples are also expected to withstand less strain overall, as there are fewer internal pores 
that can be compressed, so less change in length is expected. In other words, as the 
concentration of CNF increases, the slope of the respective stress-strain curve should 
steepen. Conversely, the effect of each drying method on the shape of this curve is more 
difficult to predict. However, it is likely that the solvent-exchanged foams may experience 
a greater stress, as shrinkage may cause the internal fibers to become more closely packed. 
Again, as with the more concentrated CNF foams, this may diminish the sample’s ability 
to handle strain.  
The procedure used for this experiment was based on ASTM Standard Test Method 
D1621–16: Compressive Properties of Rigid Cellular Plastics, which is used to gather 
information regarding the behavior of cellular materials under compressive loads.30 In 
order to complete this test to ASTM standards, initial measurements of the dimensions of 
the material were taken with a precise caliper. The specimen was then placed between the 
compression platens of the calibrated instrument, making sure that it was centered and 
aligned with the fitting.30 This ensures that a uniformly distributed load will be applied 
across the material, yielding more accurate results. The crosshead should move downward 
in the direction of compression at a rate equal to 10% of the sample thickness per minute 
±0.25mm/min. For the purposes of this experiment, the compression rate was held constant 
at 1.2mm/min, which falls within the necessary range for all samples tested. The procedure 
outlined in this ASTM standard states that the compression should continue until a yield 
point is reached or until the specimen has been compressed approximately 13% if its 
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original thickness, whichever occurs first.30 To determine the maximum strength of the 
material, the compression was continued until the instrument reported a failure, at which 
point it was inferred that all internal pores and fibers had been compressed completely. 
These tests were conducted at room temperature over the course of two days, with most 
samples being tested during one two-hour period. It is inferred that the relative humidity in 
the room remained constant between these days and is not expected to have any significant 





Statistical Analysis of Results 
 
An important component of this work is determining the effect of each of the drying 
methods on the structural properties of the prepared CNF aerogels. This infers that there 
will be an inherent difference between these data sets, and as such, it is necessary to 
quantify this difference. As a result, all data collected throughout the course of this 
experiment will be analyzed using hypothesis test statistical analysis, more commonly 
known as a t-test. These inferential statistic tests are used to determine the significance 
level between the average values of two data sets, which denotes whether there is a 
significant difference between these values.32–34 This information is used to determine the 
likelihood that the tested data sets came from the same population and can provide evidence 
to confirm inferences about the whole population. Equation 8, shown below, is used to 








𝑡: test statistic  
𝑋pq: Mean difference of measurements 
𝜇s: Measurement 
𝑠q: Standard deviation of differences 
𝑛: Number of pairs 
As with any statistical analysis tool, there are certain assumptions made when applying the 
t-test. These include the presence of a bivariate independent variable and a continuous, 
normally distributed dependent variable.35 Additionally, this test assumes that the data is 
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selected as a simple random sample, and that the sample size is reasonably large to support 
the normal distribution. These tests utilize a confidence interval (CI) in their analysis, or 
an estimate of the level of uncertainty present within a sample population.32 Results are 
considered statistically significant if the calculated value of the test statistic falls below the 
significance level, which is defined as (1- CI) and is denoted by α. The net result of these 
factors is a power statistical tool used to provide evidence to experimental claims.  
For the purposes of this experiment, the results of the unpaired two-sample t-test 
with equal variance with a 95% confidence interval (α = 0.05), as dictated by the results of 
a completed F-Distribution test, were considered. This test was selected because the 
experimental results were expected to fall within the normal distribution, and these 
calculations are simple to complete and provide accurate suggestions about the significance 
of the data set. However, these assumptions also limit the applications of the test, and in 
some instances, more robust methods may be needed. One of these, the Wilcoxon signed-
rank test, is a popular alternative to the t-test.32–34,36 This test can be used whether the 
sample population is inferred to be normally distributed, and only requires the assumption 
that the data points are paired and come from the same population. The calculation of the 
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 Equation 9 
where: 
𝑊: Wilcoxon test statistic 
𝑁: Number of measurement pairs 
𝑥,=: First measurement 
𝑥,=: Second measurement 
𝑅=: Rank of measurement pairs 
As with the t-test, there are some limitations associated with the Wilcoxon signed-rank test. 
For example, when the difference between two data points is zero, the observation is 
discarded.32,34,36 This can be problematic in discrete sampling, such as for this experiment. 
As a result of this constraint, and the likelihood that the experimental constraints will allow 
the data population to align with the assumptions of the t-test, the Wilcoxon signed-rank 
test will not be used in the following data analysis, but may be considered in follow-up 
studies. 
The bulk of this experimental work will be quantified and analyzed using the above 
method. However, in some instances it may be appropriate to compare the experimental 
results to the theoretical or calculated results, which can be done by considering the percent 
error, or the amount of deviation from the exact value.37 This relationship is shown in 








	× 	𝟏𝟎𝟎 Equation 10 
where: 
𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒	𝑉𝑎𝑙𝑢𝑒: Experimental result 
𝐸𝑥𝑎𝑐𝑡	𝑉𝑎𝑙𝑢𝑒: Expected result, based on calculations 
These calculations will provide valuable insight into the significance of the experimental 
results when t-tests are not appropriate and do not provide conclusive evidence to support 










Increasing Concentration of CNF in Material Using Centrifugation 
 
 One of the central tenants of this experimental work was determining the effect that 
the concentration of fibers within a CNF foam has on its structural properties. Prior to 
characteristic testing, the concentration of CNF in the bulk material provided by the PDC 
was increased using centrifugation. For the purposes of this experiment, the chosen 
concentrations of CNF are 3 wt.%, 5 wt.%, and 7 wt.%. As mentioned, the CNF produced 
by the PDC has a concentration of 3 wt.% and thus was used as the starting material for 
the centrifugation process. Various trials were completed to determine the upper limits of 
this process, and from there, the optimum concentrations of CNF that can be produced 
using this method. To do so, prepared tubes of CNF were centrifuged for finite periods of 
time and the resulting concentration of the samples recorded. These results are shown in 
Table 1. 
Table 1. Results of centrifugation procedure to increase the concentration of CNF in the bulk material.  






10 24 4.53 0.0011 
15 71 5.22 0.0033 
20 24 5.90 0.0015 
30 96 6.64 0.0018 
40 12 8.01 0.0018 
60 12 8.61 0.0016 
80 12 9.11 0.0022 
 
This data includes all the trials from the initial experiment, as well as additional data from 
later fabrication procedures. These results were used to determine the centrifugation times 
needed to produce the desired concentrations of 5 wt.% and 7 wt.%, which were deemed 
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to be 15 minutes and 30 minutes, respectively. The results of this experiment are shown 
graphically in Figure 9. 
 
Figure 9. Graphical results of centrifugation testing.  
The shape of the curve, in addition to the logarithmic fit of the data, suggest that an upper 
limit to the system does exist. As the centrifugation time increased past 45 minutes, the 
resulting concentration of the CNF fibers seemed to stabilize around 9 wt. %. These results 
indicate that there is a limit to how much water can be removed from the CNF suspension 
using this method.  Based on these findings, the fabrication of both 5 wt.% and 7 wt.% 
CNF foams were determined to be reproducible and accurate. Additionally, these 
concentrations were able to be produced in a timely manner, making them ideal for this 

































 To determine the density of each of the CNF foams fabricated during these 
processes, measurements of each sample’s mass and volume were taken, and calculations 
were made using Equations 2 and 3. The sample mean and standard deviation of these 
data sets were then calculated, and those results are shown in Table 2.  

















5 0.0936 0.0113 
7 0.1116 0.0192 
Solvent 
Exchange 
3 0.0650 0.0029 
5 0.0848 0.0046 
7 0.1267 0.0082 
These results show that the density of the sample did increase as the concentration of CNF 
fibers increased, proving this portion of the hypothesis to be true. Additional analysis was 
conducted to determine whether the drying method had a significant impact on the density 
of the aerogel. Each respective concentration of CNF was considered independently, and a 
two-sample t-test was completed for each data set. The results of these tests are shown in 
Table 3.  
Table 3. Results of two sample t-tests completed for density values. 







Based on these results it was determined that there was no statistical difference between 
the aerogel densities with respect to the drying method used. Further, the 3 wt. % samples 
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proved to have the lowest calculated standard deviation values, as well as the highest 
calculated p-value. This was expected, as the bulk material used to create these samples is 
produced on a much larger scale than the other concentrations, which reduces the overall 
variation in the system. Both the 5 wt.% and 7 wt.% samples showed similar values for 
standard deviation and p-values, though there was a higher amount of variance observed 
in the freeze-dried samples. Regardless, these values were determined to be small, and 
while they are more significant than those observed for the 3 wt.% samples, do not provide 
any conclusive evidence that the drying method has any bearing on the density of the final 
material. The results of these tests are displayed graphically in Figure 10.  
 





















Initial Concentration of CNF Solids (wt. %)




 As mentioned, porosity can be determined mathematically using Equation 4, but 
there are also experimental methods that can represent the internal pore volume of a 
material. These methods are attractive, as they may provide new insight into the actual 
structure of these materials, as opposed to relying entirely on the expected results. As a 
baseline, the expected porosity of each sample was calculated using Mathcad, with the full 
calculations available in Appendix A. The results of these calculations are shown in Table 
4 and will allow for comparison between the experimental methods and the baseline to 
determine if either drying method significantly impacts the porosity of the aerogel.  
Table 4. Expected porosity values of each prepared aerogel as a function of the initial concentration of 
CNF, calculated in Mathcad. 




As expected, the porosity decreases as the initial concentration of CNF within the aerogel 
increases due to the closer proximity of fibers. However, this calculation does not provide 
any insight into the effect of each drying method on the porosity, so further experimentation 
was needed.  
Experimental determinations of porosity were made using the water evaporation 
method, in which the initial and final masses of each respective sample were recorded, and 
calculations of porosity were also completed using Equation 4. As previously mentioned, 
this method is not optimal for samples dried via solvent exchange due to the additional 
solvent present in the system. However, due to constraints with laboratory access the 
silicone oil method testing was unable to be completed fully, and thus results from this test 
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are inconclusive. An initial experiment was completed in which freeze-dried samples of 3 
wt.%, 5 wt.%, and 7 wt.% were placed in silicone oil for approximately one hour under 
constant observation. During this time, the samples did not fully submerge, as they are 
significantly less dense than the silicone oil. Primary results showed that the samples were 
not saturating with oil as expected, so the samples were depressed further into the wells 
and left overnight to saturate further. After a total experimental period of 20 hours, the 
samples were removed from the silicone oil and final masses were taken. The results of 
this experiment are shown below in Table 5.  
Table 5. Results of initial silicone oil experiment. 
Initial 
Concentration 
CNF (wt. %) 






5 1.002 0.0992 
7 0.9077 0.0323 
These results seem to conclude that the porosity of each of these samples is near or greater 
than 100% which is certainly untrue. This inaccuracy is most likely a result of the 
oversaturation of the samples and improper removal of surface oil before the final mass 
was recorded. Further experimentation is needed to qualify the porosity of these samples 
using the silicone oil method. Additionally, adjustments will need to be made to the 
experimental procedure to account for the extreme difference in density between the CNF 
foams and the silicone oil, as well as the macroscopic pores present in these samples.  
Following this experiment, calculations were completed for all samples using the 
water tracking method, with results shown in Table 6.  
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CNF (wt. %) 
Sample Size 




3 8 0.9690 0.0014 
5 8 0.9465 0.0055 
7 8 0.9274 0.0025 
Solvent 
Exchange 
3 9 0.9711 0.0018 
5 5 0.9557 0.0032 
7 5 0.9314 0.0031 
Analysis of these results show that there is an observable decrease in porosity as the number 
of CNF fibers increased, which was expected. Further, the porosity of the solvent 
exchanged samples was determined to be slightly greater than of the freeze-dried samples, 
which was unexpected. This may be a result of the high-pressure conditions used during 
the freeze-drying process, which could condense the internal fibers of these samples. 
However, the values appeared to be consistent between drying methods, and there seems 
to be no observable effect on the porosity of the material overall.  
Further analysis was conducted, again considering the results of the two-sample t-
test. These tests conclude, based on the calculated p-values, that there is a statistically 
significant difference between these porosity values. The results are reported in Table 7. 
Table 7. Results of the two-sample t-tests completed for porosity values. 










Although the differences between these values were determined to be significant, no 
definitive conclusion can be drawn regarding the impact that these drying methods have 
on the porosity of the CNF foams. Further testing, potentially using the silicone oil method, 
can help bolster these results and lead to more conclusive evidence. The results of this test 
are summarized below in Error! Reference source not found..  
Figure 11. Graphical results of porosity testing using the water evaporation method in relation to each 
drying method, as compared to the expected porosity calculations. The results of the two-sample t-tests 
comparing the mean porosity value of each drying method are shown, with results of p = 0.0253, p = 0.0064, 
and p = 0.0264, for the 3 wt. %, 5 wt. %, and 7 wt. % samples, respectively. 
When comparing the experimental results of these tests, we see that the porosity values are 
somewhat lower than the expected values. Additionally, as the concentration of CNF 
within the aerogel increases, the discrepancy between experimental and expected results 
seems to also increase. These findings suggest that some water may be absorbed by the 
CNF fibers, causing this inequity in values. To determine the potential impact of this 





















Initial Concentration of CNF Solids (wt. %)






computed expected porosity values using Equation 10. The results of these calculations 
are shown in Table 8. 
Table 8. Results of Percent Error calculations comparing the expected porosity values to the experimental 
results for both freeze-drying and solvent exchange methods.  
Initial Concentration CNF (wt. %) Freeze Drying  (% Error) 
Solvent Exchange 
(% Error) 
3 1.124% 0.910% 
5 2.018% 1.071% 
7 2.584% 2.166% 
 
These calculations show that these differences are relatively nominal. Even when 
considering the most concentrated aerogels, with an initial CNF concentration of 7 wt. %, 







 The final characteristic test served to determine if either the concentration of fibers 
within the material or the drying method used bore any significant impact on the 
compressive strength of the dried foam. These tests were completed using an Instron 
instrument to the specifications outlined by ASTM Standard D1621–16. At the completion 
of the compressive test, data is exported for further analysis, including the compressive 
stress experienced by the material. The maximum of these values is defined as the 
compressive strength. The average of these values in relation to both CNF concentration 
and drying method are summarized in Table 9. 



















5 0.2710 0.0935 
7 0.3370 0.0208 
Solvent 
Exchange 
3 0.3122 0.0222 
5 0.3250 0.0 
7 0.3250 0.0 
 
These results show that each sample, regardless of its CNF concentration and drying 
method, experienced a compressive strength near or equal to 0.3250 MPa, with this exact 
value appearing at least once in each data set. These results may be due to the experimental 
parameters, as each experiment ended at an instrument-designated point. Consequently, the 
result of this test may not accurately reflect the compressive strength of these materials, 
and further testing is required to quantify this characteristic. Though these results seem to 
state that neither of the conditions tested affected the compressive strength of the material, 
additional analysis was conducted to determine if any other structural properties were 
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affected, including compressive strain.  The results of this consideration are shown in Table 
10. 















3 3 40.52 5.764 
5 2 47.73 1.498 






5 43.50 0.3925 
7 22.51 5.25 
 
There was a clear decrease in compressive strain as the concentration of CNF in the foam 
increased when considering the samples dried using the solvent exchange method. This 
result was expected, as the fibers are more densely packed, and there is less void space to 
be compressed by the test apparatus. Further, samples dried using lyophilization exhibited 
a similar trend, however a higher mean compressive strain was reported for the samples of 
5 wt.% CNF than for 3 wt.% CNF. While the cause of this inconsistency is unknown, it 
may be attributed to the pore distribution within the 3 wt.% CNF sample. To fit within the 
confines of the compression fitting, the CNF foams were trimmed to a specific size. It is 
possible that one or more of the CNF samples tailored for this test had an irregular 
distribution of pores that was not accurately represented in the trimmed sample. This 
hypothesis is likely, being that there appears to be a single outlier in this data set, though 
these assertions cannot be proven without the completion of further testing. Additional 




Table 11. Results of the two-sample t-tests completed for compressive strain values. 







These results show that even with the apparent discrepancies between the drying methods 
and the possible presence of an outlying data point that there is no significant difference 
between the compressive strain in relation to either drying method. The results of this 
experiment are displayed graphically in Figure 9.  
 
Figure 12. Graphical results of compression strain testing of CNF samples.  
Again, this plot shows that the differences between the calculated strain values were not 
deemed to be statistically significant, nor does there seem to be any correlation between 
this value and the method used to dry the CNF foam. To gain more insight into these 
effects, stress-strain curves were created for both drying methods. Each of these plots 
contains one curve relating to each initial concentration of CNF tested to show the 
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Freeze Dried Solvent Exchange
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under both stress and strain. A graphical summary of the freeze-drying results is shown in 
Figure 13, and that of solvent exchange in Figure 14. 
 
Figure 13. Stress-strain plot for freeze-dried samples. 
Figure 14 shows significant overlap in the shape of each respective curve, especially when 
considering those of 3 wt.% and 5 wt.%. These samples experience similar degrees of 
strain, with the 3 wt.% sample showing a slightly different shape during the beginning 
stages of the experiment before aligning with the results of the 5 wt.% sample. On the other 
hand, the 7 wt.% sample seemed to follow the initial slope of the 5 wt.% sample, before 
experiencing a higher rate of increase of strain, and thus failing earlier than the other two 
samples. These results are somewhat unexpected, as there is thought to be a greater 
correlation between material porosity and its ability to handle strain. As the concentration 
of CNF increases, a net decrease in the compressive strain should be observed, as these 
samples are unable to compress to the same degree that a more porous sample can and 
should fail more quickly. These deviations from the expected results may again be caused 
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by the trimming of samples before these tests, which could potentially skew experimental 
results.  
 
Figure 14. Stress-strain plot for samples dried using solvent exchange.  
In relation to the freeze-dried plot shown above, the results of the solvent exchange samples 
were more in line with expectations. As previously mentioned, each sample experienced a 
maximum compressive strength at approximately 0.3250 MPa but the overall shape of each 
respective curve differs significantly. The 3 wt.% sample was able to undergo the greatest 
amount of strain as it was the most porous of all the samples. Further, as the concentration 
of CNF increased within the foam, the strain experienced decreased. The samples dried 
using solvent exchange also seemed to exhibit a linear slope for the stress-strain curve after 
an initial exponential increase, seemingly confirming that the Young’s Modulus remained 
somewhat constant throughout the entirety of the test. Additionally, the shape of these plots 
generally does not indicate a yield point, suggesting that these materials remained elastic 
for the duration of the experiment. This result may suggest that the yield point had not been 
reached under these experimental conditions, or that the internal structure of the material 
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correlates to greater elasticity in general. Overall, the shape of these curves differ greatly 
when comparing the two drying methods, which leads to the conclusion that these drying 
methods do, in fact, impact the overall structure of these materials, and therefore also have 








Through this experimentation, it can be concluded that increasing the initial 
concentration of CNF fibers in a material does have a significant impact on the material’s 
overall density and porosity. The drying method used to fabricate CNF low density foams 
does not have any apparent influence on the density of the material but does seem to impact 
the overall porosity. However, restraints on laboratory access and time needed to run 
experiments resulted in an incomplete set of data regarding sample porosity, so no final 
conclusions on this matter can be drawn currently. 
Regarding the compressive strength testing, there was no observable difference in 
the amount of stress experienced by these samples. This was a result of the experimental 
parameters and may not be representative of the true material properties. However, there 
did seem to be an impact on the compressive strain experienced by each sample as the 
concentration of CNF increased. Further, the net decrease in porosity, though determined 
to be somewhat small, does have significant bearing on the material’s ability to respond to 
compression elastically. Moreover, through subsequent analysis of the stress-strain plots 
created for each drying method, it became clear that while the total amount of strain 
experienced by each sample of a certain concentration did not seem to differ as a whole, 
the way in which each dried material reacted to applied stresses was certainly influenced 
by the drying method. Freeze-dried samples seemed to experience a slightly lower amount 
of strain than the samples dried using solvent exchange. Additionally, the samples dried 
using solvent exchange showed greater variation in stress response, indirectly confirming 
that concentration of CNF does play a large role in this process.  
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Future Work and Recommendations 
 
The results of this work can be supported by the completion of further 
experimentation. Repetition of silicone oil porosity testing should be completed to gain a 
better understanding of the applications of this method, as well as their comparison to the 
results of the water evaporation tests. This will also help to determine if the use of 2-
propanol during the solvent exchange drying process significantly affects the result of the 
water evaporation test. 
The principles of the silicone oil method could be used to develop an experimental 
procedure that is better suited for this application, potentially using a different medium to 
submerge CNF. The use of glycerol—a denser substrate—has been proposed for this 
procedure, and this experiment would serve to determine if the additional mass of glycerol 
in comparison to silicone oil is sufficient to keep the samples submerged for the duration 
of the porosity experiment. The use of SEM imaging to provide visual confirmation of 
these results is also recommended.  
 Furthermore, there is merit in completing additional compressive strength tests to 
determine if these results are both reproducible and significant. The compressive strength 
tests for freeze-dried samples should be repeated to determine whether there is a significant 
difference in curve shape as concentration changes. All in all, the continuation of this work 
will provide important insight into the net effects of each drying method on the properties 
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